This paper describes the analysis of continuum static aerodynamics of Mars Science Laboratory (MSL) entry vehicle (EV). The method is derived from earlier work for Mars Exploration Rover (MER) and Mars Pathfinder (MPF) and the appropriate additions are made in the areas where physics are different from what the prior entry systems would encounter. These additions include the considerations for the high angle of attack of MSL EV, ablation of the heatshield during entry, turbulent boundary layer, and other aspects relevant to the flight performance of MSL. Details of the work, the supporting data and conclusions of the investigation are presented.
Nomenclature α
Angle of attack, degrees β Angle of sideslip, degrees β m/C D A, ballistic coefficient γ ratio of specific heats C A Axial force coefficient, 
I. Introduction
Mars Science Laboratory entry vehicle is different from its predecessors in a number of ways: its larger and heavier and it is designed to land much closer to its intended target. These considerations drove the design toward a lifting actively guided entry.
1 Lift is achieved by offsetting the vehicle's center of mass to a nominal location 0.3D aft of nose and 0.0215D off of the centerline. This results in a hypersonic trim at approximately 16 degrees and a hypersonic L/D of approximately 0.24. Bank angle and attitude rate control is enacted by a set of hydrazine thrusters on the rear of the vehicle. During flight the control system will execute a bank program to steer the vehicle to the landing site using aerodynamic lift. This is new at Mars, 2 as all prior vehicles were either nominally non-lifting systems (MER A-B, MPF, Mars Phoenix) or lifting un-guided systems (Viking 1 and 2).
As an aerodynamic system, MSL capsule presents several new questions that must be answered: are there any new physics, not of concern to prior missions, which might affect the trim angle of attack, lift and drag performance and control. This paper is focused on the investigation of static aerodynamics, leaving out the aspects related to control, such as pitch damping and aero-RCS interaction, which are discussed in other publications 3− . 5 Because aerodynamics in hypersonic and supersonic regime are quantified largely by CFD tools, impact of modeling assumptions on the predicted trim characteristics was assessed. This sensitivity analysis and comparisons of predictions with data are discussed in the paper. The paper contains all static aerodynamic coefficients in use between onset of continuum and parachute opening.
II. Vehicle Description
The shape of MSL entry vehicle is derived from previous Mars missions. The heatshield is a 70-degree sphere-cone with bluntness radius 1/2 of the vehicle's base radius, and the backshell is a collection of truncated cones, appropriately sized to accommodate the payload. The outer surface contains features and components such as cruise and entry balance masses, which are not always flush, and is therefore more complex then simply a collection of spherical, conical and toroidal surfaces. Figure 1 shows assembled MSL aeroshell. For the purposes of this analysis the shape is simplified as shown in the figure 2. Effect of simplification on aerodynamics was assessed as shown further in the paper. 
III. Aerodynamic coefficients
Aerodynamic force is formulated in axial and normal components C A and C N as follows:
and the pitch moment coefficient is calculated as
Equations 1, 2, 3 are shown to emphasize three points. First -that the summation is done over the front of the capsule. This is done because CFD prediction of separated base flow is still uncertain and MSL aerodatabase uses an engineering base pressure model, described further. Secondly, calculations result in an integral of pressure coefficient, not absolute pressure. In the context of this work this makes the application of base pressure models more straight-forward. Thirdly -while it is true that supersonic and hypersonic aerodynamics of blunt shapes are dominated by pressure forces, the shear forces are not negligible. This is the case especially for the moment coefficient.
A. Accounting for pressure on the base
Capsule flowfield includes a reacting, frequently non-equilibrium shock layer, expansions and re-compresions, lip shocks and hypersonic shear layers. Schematic of the flowfield is shown in the figure 3. None of the CFD codes, available to the authors can handle all of these processes well. For example, LAURA 6 is shown to accurately capture attached forebody flow with the associated gas chemistry, but was not shown to predict base pressure well. Code OVERFLOW 10 is likely better at capturing base pressure, but for now at the expense of chemistry. Another code, which will be discussed further, FUN3D
12 is intended to help with many of these challenges, but was not ready in time for this work. Because of this, the effect of base pressure on MSL aerodynamics was accounted using the same method as in the earlier Mars Exploration Rover (MER) and Mars Pathfinder (MPF). 8 
Figure 3. Features of flow around MSL in hypersonic regime
Base pressure correction is given as
where a 0 = 8.325E −3, a 1 = 1.1293E −1, a 2 = −1.801 and a 3 = 1.2885. this fit is derived from Viking lander flight data and was previously used for MPF and MER with good results. In terms of the sign convention, base pressure coefficient 4 is added to the axial force coefficient C A such that at low Mach numbers the total axial coefficient is increased. At low speeds wake pressure is lower than free-stream, while at hypersonic speeds it can be higher than free-stream, as the fit suggests. No correction is added to the normal force or the pitching moment. It should be noted that the base correction does affect the pitching moment about vehicle's CG because of the off-axis CG of MSL.
IV. CFD Method and Sensitivities
Continuum supersonic and hypersonic regime static aerodynamic coefficients are obtained from Thin Layer Navier-Stokes simulations with Langley Aerothermal Upwind Relaxation Algorithm (LAURA). LAURA solutions use two-temperature non-equilibrium 8-specie Mars gas (CO 2 , CO, N 2 , O 2 , N O, C, N, O) called in LAURA by nplanet flag of 1. At the wall the radiative equilibrium temperature boundary condition is used with wall emissivity ε=0.89 representative of a charred ablator. Supercatalytic wall boundary condition is enforced, requiring full recombination of free-stream CO 2 and N 2 . Only the forebody aerodynamic coefficients are included in the database. Forebody solutions are obtained on a 7-block singularity-free grid. Blocks are dimensioned such that the 20x20 nose cap is surrounded by three blocks of dimensions 20x20, followed by a tier of blocks, whose dimensions are 28x20. All blocks have 64 cells in the wall-normal direction. LAURA code has a built in method to adopt the computational mesh to the shock layer and to the boundary layer. The default adoption criteria were used and they result in a grid, such that 80% cells are inside the shocklayer, and the wall spacing Reynolds number is on the order of unity (see, for example, figure 26 ). This generally results in dense packing of points at the wall, suitable for aeroheating calculations and perhaps excessive for aerodynamics, however this does not cause a concern for aerodynamics. In the course of the solution point-implicit and line-implicit relaxation algorithms are used. Default eigenvalue limiters and relaxation factors are used throughout. When a grid adaption and a consecutive convergence of the solution returns the same pitching moment coefficient as before to three decimal places, the solution is considered to be converged. Exception to this rule is any case at zero angle of attack: because moments are trivial, the axial force coefficient is used instead.
A. Continuum Data Map
The collection of static aerodynamic coefficients, computed with LAURA was entered into the MSL aerodynamics database for use by POST. 9 The aerodatabase contains supersonic and hypersonic data at discrete pairs of total angle of attack and Mach number, shown in the figure 4. Data is intentionally clustered around the design trim point. Since the data proved to be well-behaved with angle of attack -the clustering is perhaps a little excessive, and can be thought of as a good internal consistency check. All data labeled M SL is calculated for MSL on 05-22 nominal trajectory. All data labeled M ER v.9.1 is a carryover from MER aerodatabase. Only the data at low angles of attack (11 degrees and below) was carried over and it is outside of the nominal flight regime of MSL entry capsule, yet sufficiently applicable for its intended use. Flight regime is specified by either velocity or Mach number, as appropriate (check regimes). 
B. Use of TLNS
Solutions in the aerodatabase are of a so-called Thin Layer Navier-Stokes type. This means that the viscous terms, containing derivatives in surface-tangent directions were omitted from the discretized equations. At the time when this work was done, this practice was common for aeroheating and aerodynamic calculations for blunt cones. To verify that the numerical predictions of aerodynamics for MSL do not dependent on this detail, calculations were carried out at Mach 4 condition with all viscous terms and with only the viscous terms containing surface-normal derivatives. As the figures 5 and 6 indicate, no significant change in predicted axial force or trim is associated with inclusion of those terms. Static aerodynamic coefficients in these figures include contribution due to base pressure. 
C. Effect of real gas at supersonic conditions
While the database carries only the real gas solutions irrespective of the regime, perfect gas model with an effective γ 13 was used for comparison at supersonic Mach 4 condition. This approach uses perfect gas model with the ratio of specific heats evaluated using equilibrium chemistry at temperature and pressure behind the normal shock. Results of these calculations, as well as the resultant shock shape change are summarized in figures 7 and 8. Overall there is little sensitivity to gas model at supersonic speeds for a reasonable choice of effective γ.
D. Non-equilibrium Processes
The range of shock velocity and stagnation pressure during Mars atmosphere entry present a diverse thermochemical environment. At higher velocities, before maximum deceleration, most of atmospheric CO 2 is dissociated by the shock, and the shocklayer pressure is sufficiently low, allowing some degree of thermal non-equilibrium in the flow. As the shocklayer pressure builds to its peak of around 1/3 atmosphere the flow is mostly thermally equilibrium, and CO 2 is still fully dissociated. Further deceleration reduces shock strength, gradually increasing the amount of CO 2 in the shocklayer, and the stagnation pressure drops, creating conditions for thermally non-equilibrium flow. Because of this, static aerodynamic coefficients are obtained with CFD solutions, which allowed thermochemical non-equilibrium. While generating initial solutions for MSL two two-temperature relaxation models were used for CO 2 (unintentionally), Millican-White 14 and Camac.
15 It was found that the choice of models affects static aerodynamics significantly between Mach 15 and 5, with a peak at velocity of 2000 m/sec (around Mach 9). There is ample undissociated CO 2 in the shocklayer at these conditions, and modeling of thermal relaxation for this molecule becomes important. The two models predict different relaxation rate, resulting in different shock stand-off distance. Figure 10 shows the difference in shock stand-off at the same free-stream condition between the two models. Shock stand-off is a significant factor in establishing surface pressure distribution, and therefore, static aerodynamics. Camac model is believed to be correct and was used in the past for Mars missions, while Millican-White model is Figure 7 . Effect of gas models on supersonic trim Figure 8 . Effect of gas models on shock shape suitable for diatomic molecules and is not valid for CO 2 . Figure 9 shows the static stability curves, revealing a sensitivity of trim, slacker stability at higher angles for Millican-White model. Figure 10 shows the vehicle at zero angle of attack, but the disparate shock location is, off course, maintained throughout the range of α. While there's little doubt, that the Camac model is more accurate for Mars entry simulations, there's little data to definitively estimate the accuracy of predicted relaxation rates. Because of this, the aerodynamic uncertainties applied to MSL hypersonic static coefficients are adjusted to bound this sensitivity. Figure 9 . Effect of gas models on supersonic trim Figure 10 . Effect of gas models on shock shape E. Effect of turbulence MSL is expected to develop a turbulent boundary layer early in its entry and should maintain it for most of the pressure pulse. Figure 11 shows the variation of smooth wall transition parameter Re θ in the capsule's pitch plane along the early part of 08-02 design trajectory. The last solution shown at 80 seconds is just short of the maximum dynamic pressure, and Re θ is still climbing at that point. MSL is designed for a fully turbulent heat pulse because of a prolonged flight in a region where Re θ exceeds any commonly accepted for onset of turbulence on blunt shapes.
Turbulence can affect static aerodynamics through two mechanisms, namely the thickening of the boundary layer, which results in a greater apparent cone angle, and an increase in wall shear, which will result in an additional moment about the moment reference point. Both of these effects are greatest on the leeside of the heatshield, and should result in a moment, that will tend to increase the vehicle's angle of attack (see figure 12 ). In order to determine possible effect of a thicker boundary layer and higher shearing stress due to turbulence, several solutions were evaluated using Baldwin-Lomax turbulence model. Baldwin-Lomax turbulence model is shown in multiple experiments 17−22 to accurately predict heating on blunt shapes, but there is no sufficient data to conclude that this model captures shear stress and displacement of the boundary layer accurately. Testing MSL shape on a force-moment balance in AEDC Wind Tunnel No. 9 similarly to the campaign, described in 17 would provide relevant data. Effect of turbulence on trim angle of attack for several free-stream velocities is shown in the figure 12.
Calculations indicate an increase of the trim angle of attack by ∆α trim ≈1 degree in some cases. This change is consistent with what was expected of mechanisms, also described in the figure 12. Analysis of solutions showed that the predicted effects of boundary layer displacement and of increased shear are close in magnitude. Effects of turbulence on the axial force are not shown, but calculations indicate axial force coefficient to be affected in the fourth decimal place. 
V. Sensitivity to Shape

A. Design Changes
Over the period in which this work developed, the aeroshell has evolved significantly. Main changes are concentrated on the aftbody, as it's grown to accommodate a larger landing system. Figures 13 and 14 compare the aeroshell shape, which was used for the aerodatabase to the current baseline, termed OML 13F. Most notable are the increased height of the backshell and the addition of the Parachute Closeout Cone (PCC). The forebody remained nearly unchanged, except for some detail near the shoulder. Changes to the shoulder are dictated by the need to accommodate transition of Thermal Protection System (TPS) material and substructure from the forebody cone onto the shoulder and onto the first aftbody cone. This re-profiling of the shoulder resulted in it no longer being constant in radius. Result of these changes is a 3.5 mm increase in the base diameter of the capsule. Magnitude of this increase, as well as the changes in the profile of the shoulder itself are not significant. As previously mentioned, the shoulder will change shape during flight. Expected recession may be as high as 2 cm and may be uneven.
Changes in the shape of the aftbody do not affect the aerodatabase because the CFD aftbody solution is
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B. Effect of heatshield ablation
During atmospheric entry the forebody TPS will loose a part of its thickness. The conservative estimate of TPS recession was carried out for for sizing purposes, and it suggested up to a 0.8 inch recession on the forebody leeside, in the area of high turbulent heating. TPS recession is not expected to be uniform over the forebody because of non-uniform heating. To determine the possible effect of this shape change on static aerodynamics, the recession map is applied to the nominal OML and calculations are carried out for hypersonic regime. Forebody ablation can affect aerodynamic stability mainly through two mechanisms. Because the material is lost over a large section of the heatshield, the center of mass of the capsule will shift. Secondly, the change in the shape itself in relation to the nominal center of mass will result in some change in the moment of surface forces. The magnitude of changes in trim angle due to both of these mechanisms needed to be quantified. The TPS recession estimate, used here did not have sufficient spatial resolution since the recession was calculated only for the windside and leeside rays at the time the work was done. Linear interpolation in the angular sense was used to fill the missing area, under the assumption that the heat flux and recession will vary in some like manner. The resultant slab of lost TPS material has an estimated mass of 56.6 kg (for nominal PICA density of 0.265 g/cc), with the center of mass of z cg = -.504m, x cg = .199m. Capsule's nominal CG is located at z cg = -1.35m, x cg = -.09675m and its initial mass is estimated at 3380 kg. The new CG location is at z cg = -1.364m, x cg = -.1018m. Just from this shift of CG the change of the hypersonic trim point from is from 16.34 degrees to 16.91 degrees. In addition, hypersonic LAURA calculations were carried out to determine the shift in the trim curve. The shift due to change of shape is fro 16.34 degrees to 16.32 degrees, or a barely noticeable reduction. This is consistent with earlier Newtonian analysis, which shows a similar trend: the loss of material on the lee side of the heatshield results in reduced angle of attack. Effects of shape change and mass loss are opposing, with the latter being more pronounced.
C. Effect of capsule deformation under aerodynamic load
MSL entry system is designed for trajectories with up to 15 Earth G's deceleration load. Peak load will occur near Mach 18 in hypersonic regime. Because the capsule has offset CG to generate lift, neither deformation nor its effect on aerodynamic characteristics has to be symmetric. To estimate the possible magnitude of change, the finite element analysis of MSL aeroshell under 12.2 G's loading on the then-current 06-05 nominal entry trajectory was carried out at LMA. Figures 17 and 18 show (exaggerated) the results of this analysis. The deformed profile was applied to the CFD grid to determine changes in trim. The plot of the pitch stability in the figure 18 takes into account the movement of the deforming aeroshell with respect to the payload. The assumption here is that massless aeroshell moves relative to the nominal CG, where all entry mass is concentrated, and that point is fixed relative to the Backshell Interface Plate (BIP) at the rear of the capsule. In reality the heatshield and backshell move under load in relation to the internals, such as the rover, the descend stage, fuel tanks etc. The moving mass is roughly a metric ton, or a third of the entry system mass. The plot of the static stability curves shows the change in the trim point by roughly 1/2 a degree.
VI. Grid Sensitivity
Changes in the aeorshell geometry led to re-making of the structured CFD grid used in most calculations. Much of the work on aerodynamics was done using the older grid, and sensitivity to the grid change needed to be established. 
A. Grid topology, grid refinement
Forebody solutions for the aerodynamic database are obtained on a 7-block singularity-free grid. Blocks are dimensioned such that the 20x20 nose cap is surrounded by three blocks of dimensions 20x20, followed by a tier of blocks, whose dimensions are 28x20. All blocks have 64 cells in the wall-normal direction. Grid layout is shown in figure 23 . Figure 24 shows the layout of MER grid, which was used in development of the MER database and was sufficient for low angles of attack. Layout of the current OML13F forebody grid is shown in the figure 25. This newer grid is different in resolution, as well as reflects some of the shape differences, figure 19 indicates the comparison of the trim curve between the grid, currently used in the aerodatabase with that, computed on OML13F grid. The OML13F used in this calculation was coarsened to match the grid used in the aerodatabase (see above). To determine the effect of grid refinement this coarsened OML13F grid was compared to a finer version, results are shown in the figure 20. These comparisons suggest that the gridding requirements for a 70-degree sphere-cone at high angle of attack, such as MSL, can be significantly different than the requirements for the same body at a lower angle of attack.
B. Effect of excluding the wake part of the grid
LAURA solutions for the aerodatabase were computed on a forebody mesh, which covers the volume ahead of the capsule's maximum diameter. At a high angle of attack and low Mach number the sonic line may cross the base plane, which was used to define the exit of the CFD domain, resulting in subsonic outflow from the CFD domain. At the exit, LAURA uses a simplified outflow boundary condition, suitable for supersonic outflow but not for subsonic outflow. To determine whether this has any measurable effect on the predicted static aerodynamics, comparisons were done at Mach 2 for angles of attack 16, 20 and 24 degrees and at Mach 4 at angles of attack 16 and 24 degrees with and without the wake part of the grid in the simulation. Figures 22 and 22 show the difference between the two types of simulations at Mach 4 and Mach 2. The pitching moment coefficient uses forebody CFD data, but in the case of the "aftshell included" simulation the forebody simulation was coupled with a wake flow simulation, thus avoiding the ill-posedness of the outflow boundary. The difference of less then .05 degree at these two Mach numbers illustrates that if the sonic line intersects the exit of the computational domain no significant error in predicted trim characteristics of the forebody will result. 
VII. Trajectory Sensitivity
Since the 05-22 trajectory was current, the capsule entry mass has gone up by 20% (2804 to 3380 kg). Figures 27, 28 , 29, and 30 illustrate changes this caused in the trajectory space going from the 05-22 to the more recent 08-TPS-02.
Because it was not possible to adapt aerodatabase in real time to stay current with the changes in the design trajectory, 05-22 was kept as the aerodatabase trajectory, but spot checks are done to determine if any significant issues arise. As evidenced by the figures 27, 28, 29, and 30, the differences in density are most pronounced between 05-22 and 07-25 at hypersonic speed, and between 05-22 and 06-05 at supersonic speed. Two conditions were selected for the test cases: hypersonic condition at a free-stream velocity V ∞ =3600 m/s (05-22 and 07-25) and a supersonic condition at M=4 (05-22 and 06-05). Tables 2 and 3 show the conditions. 
VIII. Comparison of the CFD and Experimental Data
Comparison of CFD predictions with experimental data was carried out to gauge accuracy of lift, drag and trim characteristics. Comparisons are shown in axial and normal force coefficients, as a measure of lift and drag characteristics, and the pitching moment about MSL's nominal center of gravity as a measure of expected trim point. Comparisons are shown for M = 2.5 and M = 10 conditions. Data is collected in air, perfect gas. Figure 33 shows a comparisons of LAURA (air and CO2) for MSL and Viking shapes and Viking Mach 10 wind tunnel data. There's a good agreement between CFD and data, and there's an indication of greater static stability in CO2 atmosphere. This is expected and is a result of a lower ratio of specific heats, and subsequently smaller shock stand-off as compared to air as perfect gas. Comparison of predicted aerodynamics with flight data is discussed by Gnoffo et.al. 23 Agreement of aerodynamic predictions and observed behavior at high enthalpy entry conditions was demonstrated, lending credence to aerodynamics in that regime. In addition, work by Schoenenberger ? showed that the current set of MSL aerodynamic predictions agrees well with Viking flight data. 
IX. Hypersonic and Supersonic Data
Tables 4, 5 and 6 list the MSL values that are currently in the aerodatabase. Free-stream conditions as used are also tabulated. Note, that the Mach number in the tables is a LAURA real gas Mach number which is different from the perfect gas Mach number reported by POST. POST Mach number is used in the place of LAURA Mach number in the database to be consistent with the simulation. Pitching moment coefficient uses the Moment Reference Point (MRP) consistent with Mars Pathfinder (MPF), for which X/D=.2498, (1.124 m aft of nose for a 4.5 m diameter aeroshell). MRP has no radial offset. In the aerodatabase all hypersonic data is given relative to this Pathfinder MRP, however, all supersonic data is referenced to the nose, and shifted to the MPF MRP by a separate step. Data in tables 4, 5 and 6 is for forebody only; contribution of aftbody to static aerodynamics at supersonic speeds is handled through base pressure correction. In addition to the data, shown in the figure 4, the aerodatabase contains Viking wind tunnel data (TR-3709014) covering α=0, 6, 11, 16, 20 and 24 degrees at Mach 1.5 through 0.4. 
X. Conclusions
Analysis of static aerodynamics from the onset of continuum flow through parachute opening is presented. The method was largely derived from prior Mars missions Mars Pathfinder and Mars Exploration Rover. Analysis of sensitivity to modeling assumptions and physics that are particular to MSL entry were carried out. Static aerodynamics were found to behave well at high angles of attack, particular to MSL flight scenario. Effects of heatshield ablation and deformation of the aeroshell were assessed, and found to be fairly minor. An unexpected sensitivity to physical modeling of CO2 molecule was found in the regime of low hypersonic flight, where abundant CO2 and sufficiently low pressure make thermal relaxation a strong driver of shock standoff and pressures. It was found that the turbulent boundary layer may have an appreciable effect on MSL trim, though we lack data to confirm CFD predictions in this case. Comparisons of CFD predictions with data shows good agreement both for the case of perfect gas and for high-enthalpy reacting environment. Aerodynamic uncertainties, applied to the model sufficiently cover the observed differences and sensitivities. 
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